Abstract-This paper reports on the design of a radio frequency rectifier for energy harvesting applications. The design method comprises the measurement of small-signal S-parameters of a Schottky diode at different DC levels and the use of a numerical approximation method to characterize a large-signal diode equivalent circuit. Using this model a RF rectifier is designed and fabricated to operate at 1.9 GHz. The designed rectifier consists on a single serial diode topology with radial stubs to filter the harmonics produced by the diode.
I. INTRODUCTION
With the emergence of low power embedded systems special focus has been placed into energy efficiency and energy sufficiency. In particular, radio frequency (RF) Energy Harvesting has the advantage of the extensive use of wireless devices, and therefore there is a substantial number of radio frequency sources. Nowadays it is possible to find several reports and even commercial products [1] on the use of RF Energy Harvesting at a diversity of frequency bands. This technology has also permitted the development of new batteryless applications like micro-sensors, medical wireless implants and Radio Frequency Identification (RFID) [2] .
An Energy Harvesting circuit is usually composed of an antenna, impedance matching circuit, the rectifier circuit, a harmonic filter, a DC pass filter, and the load as seen in Figure (1) [3] .
Since these applications are collecting energy from low and ultra-low power sources it is necessary to maximize the RF-DC conversion by using low-loss rectifier circuits [4] . Diodes are a fundamental component of rectifier circuits and one of the main sources of loss and harmonics, thus the selection of the diode is critical. Microwave Schottky diodes are, in general, able to switch-on at very low power. In particular this application requires the diode to posses very low threshold voltage (V th ), low series resistance (R s ) and high saturation current. Another point of consideration is the rectifier circuit topology. Due to losses, a full-wave rectifier circuit is not a viable option; thus a single diode topology is preferred [5] , [6] (serial or shunt) as shown in Figure (1) . Therefore, according to [4] , to achieve a rectifier with a high RF-to-DC conversion efficiency the following conditions must be met: (a) low reflections at the fundamental frequency, maximizing power Much of these conditions directly depend on the diode characteristics. Diode performance and their characteristics have been analyzed and measured at different input power levels in several works [4] , [7] - [9] . These works have shown that active rectifier devices such as Schottky Diodes exhibit a non-linear behavior, specially at high frequencies. Since rectifier circuits need to match their input impedance to the output impedance of the antenna, it is necessary to determine their input impedance with as much precision as possible. Matching the RF generator to the rectifier is a difficult task since the rectifier has an input impedance that is a function of frequency, power, load and harmonic terminations.
Several works have been performed to analytically determine the input impedance of rectifiers; however these results are usually only valid under small-signal conditions [4] . One simple method to estimate the input impedance for large-signal and different frequency and power levels is to use harmonic balance simulations using an appropriate diode model [9] . Other methods directly measure the impedance [10] at dif-978-1-5386-5935-9/18/$31.00 c 2018 IEEE ferent frequency and power conditions. This, however, does not ensures reliable results as intermediate points cannot be precisely estimated, and it is time consuming.
The simulation approach requires some characteristics of the diode that can lead to systematic errors as for example when using diode SPICE parameters provided by the vendor based on linear equivalent circuits. The use of these parameters could lead to errors if the working environment differs from the vendor measurement conditions. Some studies account for this problem, for example in [8] the authors characterize the diode by measuring its small signal S-parameter. This method has been tested previously in [11] and the simulated results are very accurate despite its simplicity.
Regarding the simulation software, the most commonly used for RF analysis is Advance Design System (ADS) by Keysight Technologies. ADS has powerful tools, such as Large Signal SParameter(LSSP), which allows to simulate large signal behavior of non-linear devices such as diodes employing Harmonic Balance Simulator [12] . This characteristic is fundamental for the simulation of RF rectifiers which operate at high frequencies and low input power. Furthermore, ADS allows the description of devices based on their non linear equations, a tool known as Symbolically Defined Devices (SDD).
The work presented in this paper describes the computeraided design of a RF rectifier circuit using ADS. The method relies on extracting the diode parameters and producing a large-signal model in ADS. This model is evaluated against measurements of the real diode characteristics. The main contribution of this work relies in the method to extract the diode parameters so they can be used in a large-signal CAD and in a RF Energy Harvesting application.
The paper is organized in the following way. Section II presents a description on the method to extract the scattering parameters of the diode using a Vector Network Analyzer (VNA) and model it in ADS. Section III presents the design and simulation of the rectifier circuit. Section IV analyzes and compares experimental and simulated results. Finally, in section V conclusions are drawn.
II. DIODE PARAMETERS EXTRACTION
The procedure to determine diode parameters proposed in this paper is divided into two steps: 1) S-parameter measurement 2) Diode model parameter estimation
The following subsections present the details on these steps.
A. S-parameter Measurements
To measure the diode's scattering parameters any deembedding technique can be applied, as for example the method presented in [13] . In this work the Thru-Reflect-Line (TRL) calibration method was employed using a 1.6mm thick FR4 substrate with ǫ r = 4.2 and tanD = 0.015. The TRL calibration isolates the diode S-parameters by characterizing the unwanted two port networks produced by cables, external connectors or soldering [14] . The TRL is composed by three fixtures. The first one, Thru, connects the VNA ports directly and its electrical length should be at least of the size of one wave length (λ). The second fixture, Reflect, connects each port with an open or short circuit. And the last one, Line, creates a delay from the Thru fixture with an extra λ/4 electrical length. All the fixtures are designed with a 50Ω characteristic impedance. In the case of the Line fixture, its extra length is calculated using equation (1).
where f 1 = 1 GHz and f 2 = 4 GHz. A frequency span of 4:1 is used to include the second harmonic. Using the previous expression an electrical length of 3 cm was obtained. The insertion phase difference produced by this length must be between 20 o and 160 o . Equation (2) is used to determine if the 3cm electrical length meets this condition.
where φ denotes the phase in degrees, f the frequency in GHz and EL the electrical length in cm. The calculated phases for each frequency are φ 1GHz = 36 o and φ 4GHz = 144 o which agree with the circuit requirements. The physical dimensions of the TRL calibration are presented in Table I and the calibration kit is shown in Figure (2) .
For the S-parameter measurement, a test mount was designed in a microstrip with similar dimensions as the thru fixture, but, with a gap in the middle to test the diodes.
The calibration procedure was performed using an Agilent E5071B Network Analyzer (VNA) to characterize just the diode S-parameters. If a VNA is not available the diode S-parameter can be isolated by any mathematical software solving the Signal Flow Graphs for each fixture [15] .
The small-signal measurement setup is shown in Figure  ( 3). Two bias tees are used to polarize the diode at different DC voltages avoiding any damage to the VNA. Due to the frequency restriction in the TRL calibration, imposed by the condition in Equation (2), the measurements must agree with the frequency span in Equation (1) . In order to avoid wrong measurements, a voltmeter was added just before the testing bench to ensure a precise bias voltage and compensate the voltage drop in the bias tee. Eight SMS-7630-79 [16] Schottky diodes were measured at fifteen different DC bias voltages with a input power as low as -20dBm. For each DC value, a single touchtone two-port file was generated by the VNA.
B. Diode Model Parameters Estimation 1) Parasitic voltage independent parameters:
To extract the diode's large-signal equivalent circuit, a method that isolates non-linear components of the diode was employed. This method requires the large-signal equivalent circuit provided by the vendor, and a software simulator capable of handling negative lumped elements [9] . The diode chosen to be modeled is a SMS7630-079 manufactured by Skyworks with 165mV threshold voltage and 2V breakdown voltage [17] . Its large signal equivalent circuit is presented in Figure (4) .
In order to isolate C j and R j , as depicted in Figure (5b) , a two port S-parameter block from ADS is needed. This function allows to import any touchtone file generated by the VNA. Furthermore, the negative lumped parasitic components should be placed in the schematic in a way such that it cancels their positive values [8] . The schematic is shown in Figure (5a) .
The equivalent admittance for the non-linear network is described by equation (3) . 
It is possible to use a graphical criterion to verify if the effect of the parasitic components has been eliminated. The criterion requires that the real part of equation (3) is frequency independent therefore describing horizontal lines, whereas its imaginary part describes straight lines passing through the origin [8] . This pattern is obtained by systematically canceling each of the components.
Figures (6a) and (6b) show the graphical criteria after all parasitic components have been canceled. Table II presents the determined voltage independent components. As can be verified in [16] , the value of these components approach to the vendors specifications.
2) Non-linear voltage dependent parameters: Once the voltage independent parameters have been determined it is possible to determine the non-linear capacitor and resistance. ADS has a powerful capability to create user-defined nonlinear components which allow the simulation under both conditions: large-signal and small-signal behavior (SDD) [9] . A SDD charge model was implemented by Keysight to represent the non-linear capacitor in the reverse and forward bias regions [9] . Assuming a gradient coefficient of 0.5, equation (4) describes the junction capacitance in the reversebiased region.
The charge can be obtained by integrating equation (4) with respect to the applied voltage (v) and considering that the integration constant Q r (V 0 ) is 0, as presented in equation (5). 
The forward region charge is obtained by integrating the forward capacitance considering an integration constant of Q f (αV 0 ) = Q r (αV 0 ), this assures continuity between reverse and forward regions. Equation (7) describes the forward region charge.
+Q r (αV 0 )
The complete charge model is presented in equation (8) .
The capacitance can be fitted using the data obtained of the imaginary part of (3) and must account to various bias voltage points. The fitting returns the value of C 0 , V 0 , and α, which are summarized in Table III .
The resistance R j model follows the same procedure as for C j using a current source described by equation (9) .
The current points, I j , were obtained for fifteen bias voltage points. These data was used to fit the Schottky diode current in equation (10) .
where V j is the junction voltage drop obtained by
o is the saturation current, and n is the ideality factor, and the thermal voltage V t is equal to 26mV. Table III summarizes all fitting constants of C j and I j curves. The implemented and calibrated Schottky diode charge ADS model is shown in Figure ( 
III. RF RECTIFIER DESIGN
The rectifier is composed by diodes, a DC-pass filter and load. At high frequencies, the diode input impedance Z in plays an important role for the RF-DC conversion efficiency. The input impedance depends on the frequency, the RF input power and the load resistance [10] , thus a large-signal simulation is required to represent an adequate scenario. ADS provides the Large Signal S-Parameter (LSSP) simulator which can be used to test the behavior of the rectifier circuit including variations in power levels and harmonics of the input signal. The simulation conditions were set to 10mW input power, up to 3 harmonic components, 1000 Ω load, and an operating frequency of 1900 MHz. To obtain the right impedance value the load must be isolated from the circuit. This was Since the RF source impedance is 50Ω, a quarter-wave line transforms the feed line into 100Ω. The diode reactance is matched by a 1.43mm wide short circuit stub. At the output of the diode, a low pass filter, composed by radial stubs, rejects the odd order harmonics and AC signals that were not rectified by the diode. The rectifier circuit was fabricated on a substrate with the same characteristics as the TRL calibration in section II. Figure (11) shows the fabricated rectifier circuit.
IV. RESULTS
The circuit reflected power can be assessed using the S 11 parameter. Figure (12a) shows a comparison between the experimental measurements using the VNA and simulation results using LSSP. The measured insertion loss has a high correspondence with the simulated result with a load of 540Ω. At the center frequency, the difference is about 10 MHz with -38.5 dB. The measured -10dB bandwidth insertion loss is 90 MHz, 40 MHz less than simulated, thus enough to cover the GSM1900 band. Figure (12b ) presents a comparison between the circuit measured efficiency and the simulation results at 1.9GHz and 0 dBm input power, while changing the load. Maximum efficiency is achieved at R L = 2KΩ. Figure  (12c) shows the efficiency-frequency variation. The highest simulated efficiencies are achieved at 1.87 GHz with 37%, and 1.9 GHz with 32%. The experimental measurements show two peaks at 1.85 GHz and 1.91 GHz with efficiencies of 30% and 31% respectively. At 1.9GHz the efficiency is 2% lower than the simulated result. These discrepancies with the simulation model are mainly attributed to fabrication problems.
The output DC voltage is shown in Figure (13) . Simulated results exhibit higher output voltage. At 0 dBm (1mW), the simulated DC output voltage is 0.8V, whereas the measured voltage is 0.5V, 37% below the expected. This may be due to poor soldering quality and PCB fabrication. Furthermore, the assumed substrate loss tangent value was half the working frequency at 1 GHz.
V. CONCLUSION Computer aided design of RF rectifiers can be accomplished by extracting small-signal parameters and numerically adjusting a large-signal models at different DC voltage levels and frequencies. Experimental and simulation results on the design of a 1.9GHz rectifier for Energy Harvesting applications show that the method provides near actual behavior. Better correlation between simulation results and measurements can be achieved with better fabrication processes. 
